A novel electrochemical method for the detection of DNA hybridization with high sensitivity and selectivity based on the immobilization of a DNA probe within electropolymerized polypyrrole (ppy) on a multi walled carbon nanotubes paste electrode (MWCNTPE) has been proposed by Qi et al. [14] . Using MWCNTs as the dominant material of the paste electrode, the electrochemical area significantly increases, the surface of MWCNT paste electrode is more homogeneous and the contact between MWCNTs is more effective than that of graphite paste electrodes, allowing very satisfactory detection limits.
Carbon nanotube working electrodes have proven beneficial to the rate the electron exchange reaction in redox processes of several species, improving the performance of various voltammetric measuring methods. Towards this end, Balan et al. [15] have fabricated a new paste electrode for the determination of guanine utilizing the excellent properties of cobalt phthalocyanine (CoPc) and carbon nanotubes (CNTs), A paste electrode assembled by MWCNTs and bismuth has been developed by Ly et al. [16] for the voltammetric assay of Helicobacter pylori DNA. The bismuth-CNTs connected paste has large sorption capacity and surface pores, increasing in electrolyte solutions. Consequently, the square wave peak currents appeared to be very sensitive within the mole ranges leading to very low detection limits.
The modification of a DNA-linked carbon nanotube electrode with bovine IgG has been reported by Ly et al. [17] . The sensor has been used for the development of an effective bioassay for human hepatitis B virus (HBV), yielding a non-treated blood assay and fast diagnosis method using carbon nanotube (CNT) sensors, whose mechanical and catalytic properties are specific in the bioassay.
In the present paper, a comparative study of the voltammetric behaviour of dsDNA on three types of MWCNTPEs, is reported. The three types of MWCNTs used to fabricate the electrodes have different dimensions and structure. It is illustrated that the electroanalytical behaviour of the dsDNA on the MWCNTPEs depends on the dimensions and structure of the MWCNTs.
The overall performance of the MWCNTPEs is studied and discussed in terms of optimal analytical conditions, such as the electrochemical pre-treatment and the accumulation conditions of the dsDNA on the MWCNTPEs. Applying adsorptive transfer stripping differential pulse voltammetry (AdSDPV), the detection limit and the linear range of dsDNA quantification are determined. Moreover, the same procedure and technique are used to determine dsDNA isolated from rat liver tissues.
Experimental procedure

Reagents
All chemicals used were reagents of analytical grade. Calf thymus dsDNA (D-1501, highly polymerized) was purchased from Sigma. Graphite powder was purchased from Fluka (50870), p.a. purity (99.9%) and particle size <0.1 mm. All types of the multi-walled carbon nanotubes (MWCNTs) were purchased from Aldrich: a) MWCNTs 1 : O.D. 10-15 nm, I.D. 2-6 nm, length 0.1-10μm, >90% purity; b) MWCNTs 2 : Diam. 110-170 nm, length 5-9μm, >90% purity; c) MWCNTs 3 : O.D. 6-13 nm, length 2.5-20μm, >99% purity.
The supporting electrolyte was 0.2 M acetate buffer solution + 20 mM NaCl (pH 5.0).
The dsDNA stock solution (1000 mg L -1 ) was prepared in 10 mM Tris-HCl and 1 mM EDTA at pH 8.0 [18].
Apparatus
Voltammetric measurements were performed with a PalmSens potentiostat purchased from IVIUM Technologies (The Netherlands, www.ivium.nl) and PalmSensPC software. The working electrodes were carbon nanotubes paste electrodes or a graphite paste electrode with 3 mm inner and 9 mm outer diameter of the polytetrafluoroethylene (PTFE) sleeve. The reference electrode was a saturated Ag/AgCl and the counter electrode was a platinum wire.
Preparation of working electrodes
The MWCNTPEs were prepared by mixing powder of multi-walled carbon nanotubes and mineral oil with an agate mortar and pestle to form a homogeneous mixture.
The content of MWCNTs of the electrodes was varied from 20% to 60% and the best performance was obtained at 55% for MWCNTs. Therefore, the ratio of MWCNTs to mineral oil was 55:45 (w/w) for all the reported experiments.
The conventional graphite paste electrode (CPE) was prepared in a similar way by mixing graphite powder with mineral oil. The ratio of graphite powder to mineral oil was 75:25 (w/w). The resulting paste was packed tightly into a PTFE sleeve and the electrode surface was polished to a smooth finish on a piece of weighing paper. Electrical contact was established with a stainless steel screw. The constructed electrodes were washed with distilled water and then were transferred to a cell containing the supporting electrolyte solution.
Procedure
The dsDNA was immobilized on the electrode surface and transferred into the voltammetric cell containing the supporting electrolyte, after which cyclic and differential pulse stripping voltammograms were recorded. In most cases, the electrodes were initially pre-treated by applying a constant potential for a certain time in an 0.20 M acetate buffer solution, pH 5.00. After the pre-treatment, the electrode was immersed in a stirred 0.20 M acetate buffer, pH 5.00 containing dsDNA. The accumulation step was performed by applying a constant potential for a given time. The modified electrode was then removed from the solution and washed twice with doubly-distilled water and with the background electrolyte solution. The washed electrode was then placed into a voltammetric cell. The measurement was carried out in the blank acetate buffer solution, with an initial potential of +0.10 V. The conditions were E step = 0.005 V, E pulse = 0.025 V and scan rate = 0.050 V s -1 . The anodic peak at around 1.00 V, corresponding to the oxidation of the guanine, was used as the analytical signal [19] .
Repetitive measurements were carried out following renewal of the electrode surface by cutting and polishing the electrode surface on a weighing paper and repeating the above assay. All experiments were performed at room temperature.
Results and discussion
Electrochemical characterization of CNTPEs
The electrochemical behavior of K 3 [Fe(CN) 6 ], used as a redox probe on the three types of MWCNTPEs, is investigated by cyclic voltammetry (Fig. 1 ). As seen in Fig. 1 , a well-defined reversible redox wave of K 3 [Fe(CN) 6 ] is taken in all types of MWCNTPEs, as indicated by the peak-to-peak separation (ΔEp), which is 275, 270 and 270 mV for MWCNTPE 1 , MWCNTPE 2 , MWCNTPE 3 , respectively. Wave c displays larger peak than those of waves a and b, indicating that the electroactive surface increases according to the following order: MWCNTPE 1 < MWCNTPE 2 < MWCNTPE 3. When dsDNA is immobilized on the MWCNTPEs (Figs. 2A (curve b), 2B (curve b), and 2C (curve b)), the peaks decrease dramatically, because the dsDNA is adsorbed on the electrode surface, inhibiting the redox process of
From the Randles-Sevcik equation 
Voltammetric behavior of dsDNA at CPE and MWCNTPEs
Substantial differences in the DPV response of dsDNA are observed between the conventional CPE and the MWCNTPEs electrodes (Fig. 3) ; the MWCNTPEs display more favourable voltammetric characteristics than the CPE. Compared to the CPE under the same conditions, an increase in the guanine oxidation peak by 25%, 53% and 59% for MWCNTPE 1 , MWCNTPE 2 and MWCNTPE 3 , respectively, is observed. Moreover, a shift of the guanine oxidation peak to lower oxidation potentials at the MWCNTPEs, is observed compared to the CPE. This stands in contrast to the results of Pedano et al. [13] , who report that no significant shifting in the guanine oxidation peak potential is observed at CNTPE compared to CPE.
Surface morphology of the electrodes
The morphological features of the CPE and MWCNTPEs surfaces are characterized by scanning electron microscopy (SEM) (Fig. 4) . From Fig. 4 , it is clear that there are morphological differences between CPE and MWCNTPEs. The CPE (Fig. 4A ) is characterized by a surface formed by irregularly shaped flakes of graphite presenting nanostructure, significant cohesion, and substantially small pore size. In the MWCNTPEs, the CNTs are distributed homogenously within the mineral oil; additionally, they show a looser structure than that of the CPE. The three types of MWCNTPEs present different cohesion, structure and pore size (MWCNTPE 1 , MWCNTPE 2 , MWCNTPE 3 ), as shown in Figs. 4B, 4C and 4D.
The electrochemical behavior of the dsDNA is influenced more strongly than that of K 3 [Fe(CN) 6 ] on the MWCNTPEs. Most probably, the cohesion along with the pore size and structure have a greater effect on the electrochemical behavior of the dsDNA on the MWCNTPEs than the dimensions of the nanotubes themselves. It is apparent that all of these characteristics for MWCNTPE 2 and MWCNTPE 3 are similar to each other and allow a larger number of DNA molecules to penetrate into the pores of the electrodes and accumulate on the walls and the edges of the nanotubes, as compared to MWCNTPE 1 .
Influence of the electrochemical pretreatment
In general, pre-treatment of CNTs is required to improve the electron transfer properties, eliminate metallic impurities and even allow further functionalization. Activation can be obtained by treatment in acidic solutions or by either potentiostatic or potentiodynamic electrochemical pre-treatment [20] . In this study, the potentiostatic method is used for the activation of the electrodes' surfaces. Fig. 5 shows the DPV response of dsDNA immobilized on the activated MWCNTPE as a probe. Applying potentiostatic pre-treatment, the guanine voltammetric characteristics are improved at more positive pre-treatment potentials. Based on the optimal voltammetric characteristics of the guanine, the pre-treatment potentials for MWCNTPE 1 , MWCNTPE 2 , and for MWCNTPE 3 are selected to be + 1.4 V, + 1.3 V and + 1.4 V, respectively. Different activation times ranging from 10 to 60 s were applied at the above potentials (not shown). The dsDNA ; the solution was stirred by a magnetic stirrer ( details in section 2.4). The experiments demonstrate that the optimal pre-treatment times are 40, 30, and 40 s for the MWCNTPE 1, MWCNTPE 2 , and MWCNTPE 3 , respectively.
Influence of the adsorption potential and time
The adsorption of dsDNA on the electrode surface plays an important role in the overall performance of the electrochemical determination of dsDNA [21] . The immobilization of dsDNA on the electrode surface can take place by an electrically stimulated adsorption from its solution [13] . The conditions which affect the above process (adsorption potential and time) are studied and optimized using DPV.
Influence of the adsorption potential
The effect of the accumulation potential on DPV response for dsDNA is evaluated. The results indicate that no significant changes are observed when the accumulation potential is varied over the range from 0.0 to 0.6 V vs. Ag/AgCl (Table 1) . This implies that the accumulation potential does not affect the adsorption of dsDNA at the MWCNTPEs, in contrast to the dependence of the potential observed for the accumulation of the DNA at CPE, which is favored at positive potentials [13, 22] . The adsorption of dsDNA on the MWCNTPEs surface is not a result of the electrostatic interactions. Instead, it is mainly due to the hydrophobic pyrene groups that are adsorbed on the graphite-based sidewalls [13, 23] . Therefore, the potentials of 0.20, 0.30, and 0.30 V vs. Ag/AgCl are selected as optimal accumulation potentials for MWCNTPE 1 , MWCNTPE 2 , MWCNTPE 3 , respectively. Fig. 6 shows the influence of the accumulation time on the DPV signal of guanine. From this figure, it can be seen that, in all cases, the DPV oxidation peak of guanine increases linearly with the accumulation time in the range from 60 to 300 s, and reaches a constant level beyond 300 s. Therefore, 300 s are selected as the accumulation time for further experiments.
Influence of the adsorption time
Analytical performance
Under the optimised conditions, the analytical performance of the MWCNTPEs is investigated. Fig. 7A displays the differential pulse voltammograms of dsDNA at MWCNTPE 1 with different concentrations of the dsDNA. The optimal adsorption potential and adsorption time are 0.20 V and 5 min, respectively. From Fig. 5 , it can be seen that the oxidation peak of the guanine residues increases as the concentrations .27 mg L -1 (n = 6), respectively. The LOD corresponds to 1.46 mg L -1 and the LOQ to 4.44 mg L -1 . The limits of detection and quantitation (LOD and LOQ) are calculated to be 3×s b /a and 10×s b /a respectively, where s b is the standard deviation of the intercept of the calibration plot and a is the slope of the calibration plot [24] .
The stability of the immobilized layer of dsDNA is investigated by monitoring its DPV response after exposure to acetate buffer for 20, 40 and 60 min. After 20 min exposure, the guanine oxidation signal remains essentially the same. After exposure for 40 min the signal decreases by approximately 25%, and after 60 min, by approximately 50%. Those results have been observed for all types of MWCNTPEs.
Analytical applications
Two control samples were used to test the applicability of the developed method in dsDNA isolated from rat liver tissues.
Working solutions were prepared by taking aliquots of dsDNA extracts in Tris -EDTA buffer, and diluting with 0.20 M acetate buffer, pH 5.0 containing 20 mM sodium chloride. Each solution was transferred to a voltammetric cell and the voltammetric procedure was conducted. The electrochemical responses of the samples are shown in Fig. 8 . In order to eliminate interferences, the standard addition method was used to determine the amount of dsDNA extracts. The results taken are shown in Table 2 .
Conclusions
The MWCNTPEs display more favourable voltammetric characteristics than the conventional CPEs. Among the three types of MWCNTPEs, MWCNTPE 3 shows the best electrochemical behavior, due to its more favourable pore-size and structure . All three types of MWCNTPEs were used successfully for the determination of dsDNA isolated from rat liver tissues using DPAdSV.
